The human cytomegalovirus (HCMV) UL112-113 region encodes four phosphoproteins with common amino termini (p34, p43, p50, and p84) via alternative splicing and is thought to be required for efficient viral DNA replication. We have previously shown that interactions among the four UL112-113 proteins regulate their intranuclear targeting and enable the recruitment of the UL44 DNA polymerase processivity factor to viral prereplication foci. Here, we show that in virus-infected cells, the UL112-113 proteins form a complex with UL44 and other replication proteins, such as UL84 and IE2. In vitro assays showed that all four phosphoproteins interacted with UL44. Interestingly, p84 required both the shared amino-terminal region and the specific near-carboxy-terminal region for UL44 binding. UL44 required both the carboxy-terminal region and the central region, including the dimerization domain for p84 binding. The production of recombinant virus from mutant Towne bacterial artificial chromosome (BAC) DNA, which encodes intact p34, p43, and p50 and a carboxy-terminally truncated p84 defective in UL44 binding, was severely impaired compared to wild-type BAC DNA. A similar defect was observed when mutant BAC DNA encoded a carboxy-terminally truncated UL44 defective in p84 binding. In cotransfection replication assays using six replication core proteins, UL84, IE2, and UL112-113, the efficient replication of an HCMV oriLyt-containing plasmid required the regions of p84 and UL44 necessary for their interaction. Our data suggest that the UL112-113 proteins form a complex with other replication proteins such as UL44, UL84, and IE2 and that the specific interaction of UL112-113 p84 with UL44 is necessary for efficient viral DNA replication.
In human cytomegalovirus (HCMV), viral DNA replication requires six replication core proteins, such as DNA polymerase (UL54) and its associated polymerase processivity factor (UL44), single-stranded DNA-binding protein (UL57), and the heterotrimer consisting of DNA helicase (UL105), primase (UL70), and primase-associated factor (UL102) subunits. Their genes are initially predicted by their homology to essential herpes simplex virus type 1 (HSV-1) replication genes (8, 9) and are highly conserved among all herpesviruses. In cotransfection replication assays using oriLyt-containing plasmid DNA, five additional genetic loci (UL36-38 loci, TRS1/IRS1, IE2, UL84, and UL112-113) have also been found to contribute to effective viral DNA replication (24, 25, 32, 33, 41, 42) .
The UL112-113 region encodes four nuclear phosphoproteins (p34, p43, p50, and p84) with common amino termini of 252 amino acids via alternative splicing (35, 39, 40) . The UL112-113 proteins were previously shown to have DNAbinding activity (14) and enhance the IE2-mediated transactivation of the viral polymerase (UL54) promoter (13, 15, 19) . Interestingly, the UL112-113 gene was recently found to activate the lytic cycle of Kaposi's sarcoma-associated herpesvirus (38) . A more direct role of the UL112-113 proteins in viral DNA replication was suggested by the observation that the replication of oriLyt-containing plasmid DNA in cells cotransfected with the six replication core proteins plus IE2 and UL84 was significantly enhanced by the additional expression of the UL112-113 proteins (32) . The notion that the UL112-113 locus is required for efficient viral DNA replication is also supported by genetic studies. When the expression of the UL112-113 proteins was blocked by specific antisense RNAs, viral DNA replication was suppressed (43) . The deletion of a UL112 or UL113 open reading frame (ORF) from HCMV bacterial artificial chromosomes (BACs) significantly impaired their ability to produce progeny virus in transfected permissive cells (10, 44) .
The localization patterns of the UL112-113 proteins are temporally regulated throughout the virus replication cycle. The UL112-113 proteins were found together with IE2 at the periphery of promyelocytic leukemia protein (PML)-nuclear bodies (NBs) in the early stages of infection and in viral prereplication foci and replication compartments in later stages of infection (4, 28, 43) . We recently demonstrated that when coexpressed with the six replication core proteins, transfected UL112-113 proteins cause the relocalization of UL44 to PML-NB-associated sites (27) . Furthermore, the UL112-113 proteins self-interacted and interacted with each other, and interactions among the four UL112-113 proteins were required for their targeting and recruiting of UL44 to viral prereplication sites (27) . These studies suggest that the UL112-113 proteins may play an important role in the recruitment of viral replication core proteins to viral replication sites.
In the present study, we investigated whether the UL112-113 proteins interact with other replication proteins. We show that UL112-113 p84 is associated with UL44, UL84, and IE2 in virus-infected cells. We also provide evidence that although the p34, p43, p50, and p84 UL112-113 proteins all physically interact with UL44 in vitro, the specific interaction between p84 and UL44 may be necessary for efficient viral growth in permissive cells transfected with HCMV BAC DNA and efficient oriLyt-dependent DNA replication in cotransfection replication assays.
MATERIALS AND METHODS

Cell culture and virus infection.
Human foreskin diploid fibroblast (HF), Vero, and 293T cells were grown in Dulbecco's modified Eagle's medium supplemented with 10% fetal calf serum. The HCMV Towne virus stocks used in this study were prepared as previously described (17) . HF cells were infected with virus at the specified multiplicities of infection (MOIs). Two days after infection, total cell lysates were prepared for coimmunoprecipitation (CoIP) assays.
Transient DNA transfection. 293T cells were transfected via the N,N-bis-(2-hydroxyethyl)-2-aminoethanesulfonic acid-buffered saline (BBS) (Calbiochem) version of the calcium phosphate method (27) . A mixture of plasmid DNA and sterile H 2 O was mixed with CaCl 2 (to a final concentration of 0.25 M) and with an equal volume of 2ϫ BBS (50 mM BBS [pH 7 .0], 280 mM NaCl, 1.5 mM Na 2 HPO 4 ). The mixture was kept at room temperature for 20 min and then added dropwise to cells. HF cells were transfected by electroporation.
Plasmids. Expression plasmids for the p34, p40, p50, and p84 proteins encoded from the UL112-113 region and p84(⌬N252) [previously named 84(⌬Exon-1)] were described previously (27) . The original p84 cDNA expression plasmid expresses both p84 and, to a lesser extent, p43 (27) . A cDNA encoding only p84 was produced on the pENTR-p84 cDNA template (27) by PCR using primers LMV491 (top) and LMV492 (bottom) according to the Stratagene QuikChange site-directed mutagenesis protocol (all of the primers used in this study are listed in Table 1 ). In this only-p84-encoding cDNA background, the carboxy-terminal truncation mutants of p84 were generated by PCR. The common 5Ј primer for PCR was LMV8 (containing a BglII site). The 3Ј primers (containing a BglII site) were LMV314 (for ⌬C620), LMV315 (for ⌬C560), LMV316 (for ⌬C500), LMV317 (for ⌬C440), and LMV318 (for ⌬C380). An amino-terminal truncation mutant of p84, ⌬N346 (pRYK134), was also produced by PCR using LMV320 (5Ј primer with a BglII site) and LMV9 (3Ј primer with a BglII site). All of the PCR-amplified DNA fragments were inserted into the BamHI site of the pENTR vector (Invitrogen). The entire UL112-113 genomic gene was cloned into the pENTR vector and resulted in pMY8. The ⌬C620, ⌬C560, and ⌬C347 mutations, which were introduced on the p84 expres- sion plasmid, were also produced on this pMY8 background. All mutants were verified by direct sequencing with LMV11 as a sequencing primer. Plasmid p84(⌬C347) was previously described (27) .
To produce UL44 truncation mutants, pENTR-UL44 (pJHA367) was used as a PCR template. For the construction of the carboxy-terminal truncation mutants, the common 5Ј primer was LMV255 (with a BamHI site), and the 3Ј primers (with an EcoRV site) were LMV311 (for ⌬C390), LMV313 (for ⌬C290), and LMV319 (for ⌬C240). For the amino-terminal truncation mutants, the common 3Ј primer was LMV256 (with an EcoRV site), and the 5Ј primers (with a BamHI site) were LMV307 (for ⌬N40), LMV308 (for ⌬N80), LMV309 (for ⌬N120), and LMV310 (for ⌬N290). These PCR fragments were inserted into the BamHI/EcoRV sites of the pENTR vector.
The mammalian expression plasmids for the amino-terminal hemagglutinin (HA)-or Flag-tagged proteins were generated by moving the cDNAs on pENTR vectors into a pSG5 (12) background by using Gateway technology (Invitrogen). To construct the template plasmids for the in vitro transcription/translation reactions, wild-type or mutant cDNAs on pENTR vectors were moved into pSPUTK (without a tag) (Stratagene) or pCS3-MT (with a 6-Myc tag) plasmids (31) by using Gateway technology. These plasmids were also used to express proteins in cultured cells via DNA transfection.
The plasmid harboring HCMV replication-origin DNA (pSP38) and plasmids expressing the six replication core proteins (UL54, UL44, UL57, UL105, UL70, and UL102) and auxiliary proteins (IE2 and UL84) were previously described (32) . Saccharomyces cerevisiae expression plasmids for GAL4-DNA-binding (GAL4-DB) domain fusions and GAL4-activation (GAL4-A) domain fusions were produced on the pAS1-CYH2 and pACTII backgrounds (5), respectively, by using Gateway technology.
BAC mutagenesis. The Towne bacterial artificial chromosome (BAC) (T-BAC) clones encoding the UL112-113(⌬C560) and UL44(⌬C290) genes were generated by using a counterselection BAC modification kit (Gene Bridges, Germany). Briefly, rpsL-neo cassettes were PCR amplified by using primers containing homology arms consisting of 50 nucleotides upstream and downstream of the target gene plus 24 nucleotides homologous to the rpsL-neo cassette. The primer sets used were LMV863/LMV864 for the rpsL-neo cassette targeting UL112-113 and LMV707/LMV708 for the rpsL-neo cassette targeting UL44. The amplified DNA fragments were purified and introduced into Escherichia coli GS243 cells containing wild-type T-BAC (20) for recombination by electroporation using Gene Pulser II (Bio-Rad). The intermediate T-BAC construct containing the rpsL-neo cassette was selected on Luria broth (LB) plates containing kanamycin. Next, the mutated DNA fragments for replacing the rpsL-neo cassette were amplified by PCR using the following primer sets and templates: LMV865/LMV866 for UL112-113(⌬C560) with the pRYK322 template, which contains a ⌬C560 mutation in a pMY8 background, and LMV774/ LMV775 for UL44(⌬C290) with the pRYK324 template, which contains a ⌬C290 mutation in a pJHA367 background. The amplified fragments were recombined into T-BAC DNAs containing the rpsL-neo cassette, and the UL112-113(⌬C560) and UL44(⌬C290) T-BACs were selected on LB plates containing streptomycin. The mutated regions were amplified and sequenced to verify the desired mutations. Revertant T-BACs were also generated from the mutant T-BACs. pMY8 (for UL112-113) and pMR102 (for UL44) were used as templates to produce DNA fragments containing wild-type target genes. These fragments were inserted into the mutant T-BACs by homologous recombination.
Electroporation. T-BAC DNAs were introduced into HF cells by electroporation. For each reaction, HF cells (2 ϫ 10 6 ) in 200 l of resuspension buffer were mixed with 3 g of T-BAC DNA, 4 g of plasmid pCMV71 encoding transactivator pp71, and 1 g of pEGFP-C1 for monitoring the electroporation efficiency. After electroporation at 1,300 V and 40 ms using a Microporator MP-100 instrument (Digital Bio Technology), the cells were plated into T-25 flasks. When they reached confluence, the cells were split into new flasks at a ratio of 1:2.
Yeast two-hybrid assay for protein interaction. Yeast Y190 (MATa) cells were transformed with plasmids (TRP1) expressing GAL4-DB fusion proteins. Y187 (MAT␣) cells were transformed with plasmids (LEU2) expressing GAL4-A fusion proteins. The transformants were selected on synthetic medium plates lacking tryptophan or leucine. Y190 and Y187 cells were mated on yeast complete medium plates with overnight incubation. Diploid cells (MATa/␣) were selected on synthetic medium plates lacking both tryptophan and leucine and were examined for lacZ expression by using 5-bromo-4-chloro-3-indolyl-␤-Dgalactopyranoside (X-Gal) filter assays as described previously (1) . Yeast strains, media for yeast growth, and methods for yeast transformation were described previously (3, 18) .
In vitro binding assays with GST fusion proteins. Glutathione S-transferase (GST) and GST-UL44 fusion proteins were produced in E. coli BL21 cells as previously described (26) . These proteins were incubated with in vitro-translated (IVT) [ 35 S]Met-labeled UL112-113 proteins in 0.5 ml of EBC buffer (50 mM Tris-Cl [pH 7.0], 120 mM NaCl, 0.5% NP-40, 0.2 mM Na 2 VO 4 , 100 mM NaF) at 4°C for 2 h. The bead pellet was washed 10 times with 1 ml of NETN buffer (100 mM NaCl, 20 mM Tris-Cl [pH 8.0], 0.5% Triton X-100, and 1 mM EDTA). Boiled samples were then subjected to SDS-PAGE and autoradiography.
Cotransfection replication assay. HF cells (2 ϫ 10 6 ) were cotransfected with the replication protein plasmids (1 g each) expressing the six replication core proteins plus IE2, UL84, and UL112-113 (wild type or mutant, as indicated) and a plasmid containing the HCMV replication origin (pSP38) by electroporation and plated onto 100-mm dishes. Total cellular DNAs were harvested 5 days posttransfection by using QIAamp DNA minikits (Qiagen). DNAs (10 g each) were first digested with XbaI and then treated with DpnI. The digested DNA fragments were resolved by electrophoresis on a 1% agarose gel at 4°C at 100 V for 3 h. Replication products were analyzed by Southern blotting with ␣-32 Plabeled KpnI-digested pSP38 DNA as a probe.
Southern blot analysis. DNA fragments separated on a 1% agarose gel by electrophoresis were denatured and transferred onto uncharged nylon membranes (Hybond-N). The transferred DNAs were immobilized by UV crosslinking for 2 min at 1,600 J/cm 2 . DNA probes were radiolabeled with [␣- , and 100 g/ml of salmon sperm DNA). DNA blots were hybridized with radiolabeled probes in the same solution at 68°C for 16 h. The blots were washed at room temperature for 5 min in 2ϫ SSC-0.5% SDS and for 15 min in 2ϫ SSC-0.1% SDS and at 65°C for 30 min to 4 h in 0.1ϫ SSC-0.1% SDS. The blots were briefly washed at room temperature in 0.1ϫ SSC and exposed to X-ray film (Kodak).
Reverse transcription (RT)-PCR. Total RNAs were isolated from HF cells electroporated with BAC DNAs by using Trizol reagent (Invitrogen) and MaXtract high density (Qiagen). First-strand cDNA was synthesized by using the random hexamer primers in the SuperScript III system (Invitrogen). PCR was performed by using the following primer sets: LMV1099/LMV1100 (for IE1), LMV1101/LMV1102 (for IE2), LMV1278/LMV1279 (for UL112-113), LMV1280/LMV1281 (for UL44), and LMV391/LMV392 (for ␤-actin).
ChIP assay. Chromatin immunoprecipitation (ChIP) assays were performed by using a kit (Upstate Biotechnology, Inc.), with minor modifications. In brief, DNA-cotransfected HF cells (4 ϫ 10 6 ) were fixed with 1% formaldehyde for 10 min 5 days after transfection and then lysed with a lysis buffer provided with the kit. ChIP assays were performed with appropriate antibodies (Abs) or control immunoglobulin G (IgG). One-sixth of the lysate was reserved to facilitate the quantitation of the amount of DNA present in different samples prior to immunoprecipitation. For the detection of the HCMV oriLyt region, DNAs purified from immunocomplexes were amplified by PCR using primers LMV772 and LMV773. The PCR program used was 94°C for 5 min, 30 amplification cycles (94°C for 30 s, 57°C for 30 s, and 68°C for 45 s), and a final step at 72°C for 10 min.
Antibodies. Rabbit anti-peptide polyclonal antibody (PAb) specific to UL112-113 p84 and monoclonal antibody (MAb) M23, which recognizes the shared N-terminal region of the four UL112-113 proteins, were previously described (14, 27) . The anti-HA rat MAb (3F10) either conjugated with peroxidase or labeled with fluorescein, and anti-Myc mouse MAb 9E10 were purchased from Roche. The anti-Flag mouse MAb M2 was obtained from Sigma. Anti-UL44 (p52) mouse MAb and anti-p28 mouse MAb were purchased from Advanced Biotechnologies, Inc. The anti-UL84 mouse MAb was purchased from Virusys. Mouse MAb 810R, which detects epitopes present in both IE1 and IE2, and mouse MAb 12E2, specific to IE2, were purchased from Chemicon and Vancouver Biotech, respectively. Anti-proliferating cell nuclear antigen (PCNA) mouse MAb PC10 was obtained from Santa Cruz Biotechnology, Inc. The rabbit anti-PML PAb, referred to as PML(C), was previously described (2) . Secondary Abs such as fluorescein isothiocyanate (FITC)-labeled donkey anti-mouse IgG, FITC-labeled goat anti-rabbit IgG, and rhodamine/redX-coupled donkey antimouse IgG were obtained from Jackson ImmunoResearch Laboratories, Inc.
Indirect immunofluorescence assay (IFA). Cells were washed in phosphatebuffered saline (PBS), fixed with 1% paraformaldehyde in PBS at room temperature for 5 min, and then permeabilized on ice with 0.2% Triton X-100 for 20 min. Cells were incubated with rabbit PAbs at 1:800 dilutions, with anti-Flag Ab at a 1:2,000 dilution, and with anti-HA Ab at a 1:80 dilution in PBS at 37°C for 1 h, followed by incubation with appropriate secondary Abs at 1:100 dilutions at 37°C for 1 h. For double labeling, Abs were incubated together. All slides were examined and photographed with a Carl Zeiss Axiophot microscope. ) were harvested 2 days after transfection and sonicated in 0.7 ml coimmunoprecipitation (CoIP) buffer (50 mM Tris-Cl [pH 7.4], 50 mM NaF, 5 mM sodium phosphate, and 0.1% Triton X-100 containing protease inhibitors [Sigma]) with a microtip probe (Vibra-Cell; Sonics and Materials, Inc.) for 10 s (pulse on for l s and pulse off for 3 s). Cell lysates were incubated with anti-Myc Ab (Roche). After incubation for 16 h at 4°C, 30 l of a 50% slurry of protein A-and protein G-Sepharose (Amersham) was added, and the mixture was then incubated for 2 h at 4°C to allow adsorption. The mixture was then pelleted and washed seven times with CoIP buffer. The beads were resuspended and boiled for 5 min in loading buffer. Each sample was analyzed by SDS-PAGE and immunoblotting with anti-HA Ab (Roche). For CoIP assays of virus-infected cells, HF cells (4 ϫ 10 6 ) were infected with virus for 2 days, and CoIP assays were carried out with appropriate Abs.
Immunoblot analysis. Samples were prepared by boiling in loading buffer, separated by SDS-PAGE, and then transferred onto a nitrocellulose membrane (Schleicher & Schuell, Dassel, Germany). The membrane was blocked for 1 h in PBST (PBS plus 0.1% Tween 20 [Sigma]) containing 5% skim milk and then washed with PBST. After incubation with appropriate Abs, the proteins were visualized by standard procedures using an enhanced chemiluminescence system (Roche) and Kodak X-ray film.
RESULTS
The UL112-113 proteins form a complex with UL44, IE2, and UL84 in virus-infected cells. To investigate whether the UL112-113 proteins interact with other replication proteins such as UL44, UL84, and IE2, HF cells were infected with HCMV, and CoIP assays were performed. The results of CoIP assays with anti-UL44 Ab showed that UL44 coprecipitated with UL112-113 p84, UL84, and IE2 (Fig. 1A) . We could not determine whether UL112-113 p34, p43, and p50 are also present in the UL44 immune complex, because the Abs that detect these UL112-113 proteins in immunoblot assays are not available. Immunoprecipitation with an anti-UL112-113 Ab (M23), which detects all of the proteins p34, p43, p50, and p84 UL112-113 (14, 27) , efficiently pulled down UL84 and IE2 (Fig. 1B) . In similar CoIP assays using anti-UL84 and anti-IE2 Abs, UL84 coprecipitated with UL112-113 p84 and IE2 (Fig.  1C) , and IE2 coprecipitated with UL84 and UL12-113 p84 (Fig. 1D) . In CoIP assays with M23, anti-UL84, and anti-IE2 Abs, we could not address whether UL44 is coprecipitated, because UL44 comigrated with immunoglobulin heavy chains on SDS-PAGE gels. In control experiments, anti-UL44, M23, and anti-UL84 did not coprecipitate with IE1, and immunoprecipitation with control IgG did not pull down any viral proteins tested. Overall, these results suggest that the UL112-113 proteins may form a complex with UL44, IE2, and UL84 in virus-infected cells.
Both IE2 and UL84 associate with DNA in the HCMV oriLyt region (23) , and the UL112-113 proteins were also reported previously to have DNA-binding activity (14) . To test whether the interactions among UL112-113, IE2, UL84, and UL44 are dependent on the presence of nucleic acids, we also performed separate CoIP assays in the presence or absence of nucleases. The results of CoIP assays with anti-UL44 Ab showed that UL44 still associated with UL112-113 p84, UL84, and IE2 after treatment with both DNase and RNase (Fig. 1E) . The degradation of nucleic acids by nucleases was confirmed by analyzing the amounts of nucleic acids in cell lysates on an ethidium bromide-containing agarose gel (Fig. 1E) . This result indicates that the association of UL112-113 p84 with UL44, IE2, and UL84 occurs in a nucleic acid-independent manner.
The UL112-113 proteins interact with UL44 but not with other replication core proteins. We next asked whether the UL112-113 proteins interact with other viral replication core proteins. First, in the yeast two-hybrid protein interaction as- The immunoprecipitated samples were subjected to SDS-PAGE, followed by immunoblotting with Abs specific for UL112-113 p84, UL84, IE1/IE2, and UL44. Total cell lysates were also subjected to SDS-PAGE, and immunoblot analysis was performed to confirm the protein expression levels. (E) Immunoprecipitation was performed, as described above (A), with total cell lysate untreated or treated with 100 U/ml DNase (Roche) plus 10 g/ml RNase (Sigma) at 4°C for 12 h. To confirm the removal of nucleic acids, DNA was recovered from total cell lysates by phenol and chloroform extraction and then analyzed on a 1% agarose gel containing ethidium bromide (EtBr).
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on October 24, 2017 by guest http://jvi.asm.org/ say, UL112-113 p84 was shown to specifically interact with UL44 but not with other replication core proteins such as UL54, UL57, UL70, UL102, and UL105 ( Fig. 2A, top) . In similar assays with different UL112-113 proteins, p34, p43, p50, and p84 all interacted with UL44 to similar degrees ( Fig. 2A,  bottom) . Therefore, all of the UL112-113 proteins were found to interact with UL44 in yeast. The specific interaction between the UL112-113 proteins and UL44 was also investigated by cotransfection assays. When 293T cells were cotransfected with plasmids encoding the UL112-113 proteins and one of the six replication core proteins, the results of CoIP assays showed that the UL112-113 proteins interact with UL44 but not with other replication core proteins (Fig. 2B) . The structure of UL44 is similar to that of PCNA, a cellular processivity factor (45) . Therefore, using CoIP assays, we also investigated whether the UL112-113 proteins interact with PCNA. The virus-infected cells were immunoprecipitated with M23 Ab, which was followed by an immunoblot assay with anti-PCNA Ab. However, no interaction between the UL112-113 proteins and PCNA was detected under the conditions that we used (Fig. 2C) . This result suggests that the UL112-113 proteins specifically interact with the viral polymerase processivity factor UL44 but not with the cellular processivity factor PCNA.
Characterization of the interaction between the UL112-113 proteins and UL44 in vitro. We further investigated the interaction between the UL112-113 proteins and UL44 in vitro. All of the proteins p34, p43, p50, and p84 as well as two aminoand carboxy-terminally truncated versions of p84 (⌬N252 and ⌬C347) were produced labeled with [ 35 S]Met by in vitro transcription and translation reactions (Fig. 3A) . The GST and GST-UL44 fusion proteins were produced in E. coli cells (Fig.   3B ). We performed in vitro GST pulldown assays with these proteins (Fig. 3C) . The results showed that p34, p43, p50, and p84 were all bound to GST-UL44 but not to GST alone, suggesting that the shared 252 amino acids may be involved in binding UL44. However, p84(⌬N252), which does not share the amino-terminal 252 amino acids, still weakly interacted with UL44, implying that another p84 region beyond the aminoterminal 252 amino acids may also contribute to UL44 binding. Interestingly, p84(⌬C347), which lacks the p84-specific carboxy-terminal region but retains the regions encoded by exons 1 and 2, completely lost UL44-binding activity. It is likely that the structure of the amino-terminal UL112-encoded region of p84(⌬C347) is quite different from the amino-terminal structures of p34, p43, and p50, with a resultant masking of the UL44-binding interface. Taken together, our results from in vitro binding assays suggest that all of the UL112-113 proteins physically interact with UL44 in vitro and that p84 requires both the shared amino-terminal region and the specific carboxy-terminal region for efficient UL44 binding.
UL112-113 p84 domains required for UL44 binding. The expression plasmid containing the cDNA for UL112-113 p84 also expressed a small amount of p43 because of an internal splicing event (27) . When the same cDNA was placed into a pCS3-MT background (with a 6-Myc tag), significant amounts of p43 were produced (Fig. 4A, lane 2) . To construct an expression plasmid encoding only p84, we generated an expression plasmid containing p84-specific cDNA, in which the internal splicing donor sequence is disrupted by changing thymine (T) at nucleotide position 1038 of the p84 open reading frame to cytosine (C). This nucleotide change did not alter the codon. When examined in transfected 293T cells, this p84- (Fig. 4A, lane 3) .
To map the region of p84 necessary for UL44 binding, we constructed a series of p84 truncation mutants in the p84-specific cDNA background (Fig. 4B ). We coexpressed 6-Myctagged wild-type and mutant p84 and HA-UL44 in 293T cells and analyzed their interactions by CoIP assays. We found that both wild-type p84 and the ⌬C620 mutant efficiently interacted with UL44, whereas the ⌬C560, ⌬C500, ⌬C440, ⌬C380, and ⌬C347 mutants did not do so (Fig. 4C) . The ⌬N346 mutant, which contains only the carboxy-terminal region unique to p84, interacted with UL44 very weakly (Fig. 4C) , consistent with the observation that p84(⌬N252) only weakly interacted with UL44 in vitro (Fig. 3) . When the localization patterns of mutant proteins were examined by IFA, all carboxy-terminal truncation mutants tested were distributed in nuclear punctuate patterns similar to that of intact p84, whereas the ⌬N346 mutant, which lacks the reported nuclear localization signal (NLS) (19) , was diffusely distributed in both the nucleus and cytoplasm (Fig. 4D) . These data suggest that p84 requires both the amino-terminal 252-amino-acid region shared with other UL112-113 proteins and the specific near-carboxy-terminal region for efficient UL44 binding in cotransfected cells.
Domains of UL44 required for UL112-113 p84 binding. To identify the regions of UL44 required for UL112-113 p84 binding, a series of UL44 truncation mutants was generated (Fig.  5C ). 293T cells were cotransfected with plasmids expressing 6-Myc-UL44 (wild type and mutant) and HA-p84, and CoIP assays were performed. The results showed that wild-type UL44 and the ⌬N40 mutant interacted with p84, whereas all of the C-terminal truncation mutants, such as ⌬C390, ⌬C290, and ⌬C240, did not bind to p84 at similar levels (Fig. 5A) , indicating that the carboxy-terminal region of UL44 is critical for p84 binding. We also found that amino-terminal truncation mutants such as ⌬N80, ⌬N120, and ⌬N290 did not bind to p84 (Fig. 5A) . Therefore, all mutants except ⌬N40 failed to bind to p84 (Fig. 5C) .
UL44 was shown previously to form a head-to-head homodimer in the shape of a C clamp (7). In similar CoIP assays with plasmids expressing 6-Myc-UL44 (wild type and mutant) and HA-UL44, we found that 6-Myc-UL44 and its mutant versions, such as the ⌬C390, ⌬C290, and ⌬N40 mutants, interacted with HA-UL44, whereas the ⌬C240, ⌬N80, ⌬N120, and ⌬N290 mutants did not (Fig. 5B) . Therefore, the results of UL44 mapping experiments revealed that the self-interaction of UL44 requires the central region from amino acids 40 to 290, whereas UL44 requires both the dimerization domain and the carboxy-terminal region for p84 binding (Fig. 5C) . Two potential NLSs of UL44 have been identified at amino acids 162 to 168 (NLS1) and 425 to 431 (NLS2), and NLS2 was necessary for its nuclear localization in COS7 and U373-MG cells (6) . We also found that NLS2 is necessary for the efficient nuclear targeting of the green fluorescent protein (GFP)-UL44 fusion protein in HF cells; however, it was not absolutely re- quired for the nuclear localization of Flag-or Myc-tagged UL44 in HF cells, suggesting that NLS1 may also be effective in HF cells (data not shown). When we looked at the localization patterns of Myc-tagged wild-type and mutant UL44 used for mapping studies of 293T or HF cells, like wild-type UL44, the ⌬C390, ⌬C290, ⌬N40, and ⌬N80 mutants were all localized to the nucleus, suggesting that the failure of p84 binding or self-interaction in UL44 mutants in this experiment is not due to the lack of nuclear distribution (Fig. 5D) .
Colocalization interaction between the UL112-113 proteins and UL44. We previously demonstrated that the expression of the UL112-113 proteins is necessary for the efficient recruitment of UL44 to viral prereplication sites (27) . We examined whether the colocalization interaction between the UL112-113 proteins and UL44 requires the specific interaction of p84 with UL44. HF cells were cotransfected with a plasmid expressing UL44 and a plasmid containing the UL112-113 gene, which expressed p34, p43, p50, and p84. The IFA results showed that the localization pattern of UL44 was changed from the nuclear diffuse pattern into a pattern showing both nuclear diffuse and focus forms, with the latter being colocalized with the UL112-113 proteins (Fig. 6A, top) . We used the mutant versions of UL112-113 plasmids containing the ⌬C620, ⌬C560, or ⌬C347 mutations, which express intact p34, p43, and p50 but a carboxy-terminally truncated form of p84 (see Fig. 9A for immunoblots). The results showed that, unlike the UL112-113(⌬C620) gene, the UL112-113(⌬C560) and UL112-113(⌬C347) genes less efficiently caused the relocalization of UL44 into foci (Fig. 6B) . In similar assays, UL44(⌬C290) was distributed mostly as a nuclear diffuse form and was not redistributed by the UL112-113 proteins (Fig. 6A, bottom, and B) . These results suggest that the specific interaction between UL112-113 p84 and UL44 may be responsible for the redistribution of UL44 into the UL112-113 foci in cotransfected cells.
The interaction of UL112-113 p84 with UL44 promotes viral growth in cells transfected with HCMV BAC clones. To determine whether the interaction of UL112-113 p84 with UL44 promotes viral growth, we generated two mutant T-BAC clones carrying the UL112-113(⌬C560) gene or the UL44(⌬C290) gene (Fig. 7) . The UL112-113(⌬C560) gene expresses intact p34, p43, and p50 and p84(⌬C560), which is defective in UL44 binding. The UL44(⌬C290) gene expresses a carboxy-terminally truncated form of UL44(1-290), which retains DNA-binding and polymerase-binding activities and processivity activity but lacks the carboxy-terminal region required for p84 binding. We also produced their revertant T-BAC clones. When wild-type, mutant, and revertant T-BAC clones were introduced into permissive HF cells, the mutant UL112-113(⌬C560) and UL44(⌬C290) BAC clones did not produce progeny virions under conditions where the wild-type and revertant BAC clones efficiently produced viruses ( Fig. 8A  and B) . In control experiments, we examined the amounts of viral immediate-early (IE) (IE1 and IE2) and early (UL112-113 and UL44) transcripts produced at 9 days in cells electroporated with wild-type, mutant, and revertant BAC DNAs. The results of RT-PCR assays showed that the levels of these viral mRNAs were comparable, suggesting that the expression of viral IE and early genes is not affected by the UL112-113 or UL44 mutations introduced (Fig. 8C) . These data provide genetic evidence demonstrating that the regions required for the interaction between UL112-113 p84 and UL44 are necessary for efficient viral growth.
The interaction between UL112-113 p84 and UL44 promotes oriLyt-dependent DNA replication. To investigate whether the interaction of UL112-113 p84 with UL44 is required for efficient DNA replication of an oriLyt-containing plasmid (pSP38), HF cells were cotransfected with an HCMV oriLytcontaining plasmid and plasmids encoding the six replication core proteins plus UL84, IE2, and UL112-113 (wild type and mutant). The newly synthesized oriLyt-containing plasmid DNAs, which were resistant to DpnI digestion, were detected by Southern blot analysis using the KpnI-digested oriLyt-containing plasmid DNA as a probe. Consistent with data from a previous report (32) , the coexpression of six replication core proteins, UL84, and IE2 produced the replicated oriLyt-containing plasmid DNAs, and the addition of the UL112-113 plasmid expressing p34, p43, p50, and p84 significantly enhanced replication levels (Fig. 9A, lanes 1 to 3) . When plasmids carrying the UL112-113(⌬C620), UL112-113(⌬C560), or UL112-113(⌬C347) genes were used, the UL112-113(⌬C620) plasmid enhanced replication levels, like the wild-type UL112-113 plasmid, but both the UL112-113(⌬C560) and UL112-113(⌬C347) plasmids, which expressed p84(⌬C560) and p84(⌬C347), defective in UL44 binding, did not enhance replication levels (Fig. 9A, lanes 4 to 6) . We also found that the replication-promoting effect of the UL112-113 proteins was not observed if a plasmid expressing UL44(⌬C290), which is defective in p84 binding, was used (Fig. 9B) . The results of these cotransfection replication assays demonstrate that the specific interaction of UL112-113 p84 with UL44 may be required for efficient oriLyt-dependent DNA replication.
We finally performed ChIP assays with similar cotransfected cells to address whether the interaction between UL112-113 p84 and UL44 affects the association of UL112-113 and UL44 on the viral oriLyt region. The PCR primers were selected to amplify about 150 bp within the essential region of oriLyt (23). The results showed that the UL112-113 proteins are also associated with the oriLyt region in cells expressing the six replication core proteins plus UL84 and IE2 (Fig. 10, lane 4) . We also found that the levels of UL44 and, to a lesser extent, UL112-113, which are associated with the oriLyt region, are markedly reduced if either the UL112-113(⌬C560) or the UL44(⌬C290) plasmid is used (Fig. 10, lanes 5 and 6) . However, in a control experiment, the level of IE2 associated with the oriLyt region was not affected by the absence of the p84-UL44 interaction (Fig. 10) . These results suggest that the interaction between UL112-113 p84 and UL44 specifically promotes the loading of UL44 onto the viral oriLyt region.
DISCUSSION
In this study, we demonstrated that UL112-113 p84 forms a complex with UL44, UL84, and IE2 in virus-infected cells. We could not determine whether other UL112-113 proteins such as p34, p43, and p50 are also present in this complex because of the lack of specific Abs that recognize each of these proteins. Although the M23 Ab that we used did immunoprecipitate all of the UL112-113 proteins, it did not detect the UL112-113 proteins well in immunoblot analyses (data not shown; K. Hirai, personal communication). However, the findings that the UL112-113 proteins self-interact and interact with each other (27) and that all of the UL112-113 proteins are capable of binding to UL44 in vitro (in this study) strongly suggest that all of the UL112-113 proteins may be present in this virusinduced protein complex. Using in vitro binding assays, we found that, like UL44, IE2 also physically interacts with the UL112-113 proteins, whereas no direct interaction was observed between UL84 and the UL112-113 proteins (data not shown). Considering that UL84 was found to interact directly with both IE2 and UL44 (11, 34, 37) , the interaction between UL84 and the UL112-113 proteins appears to be indirect.
Whether the different UL112-113 proteins produced via alternative splicing have a specific role has long remained unclear. We previously proposed that the expression of p84 may influence the intranuclear targeting of p34, p40, and p50 to FIG. 6 . Colocalization interactions between the UL112-113 and UL44 proteins. (A) HF cells were transfected with a plasmid encoding Flag-UL44 or Flag-UL44(⌬C290) alone or cotransfected with a plasmid carrying the UL112-113 genomic gene, which encodes the p34, p43, p50, and p84 proteins (as HA-tagged forms). After 48 h, the cells were fixed with paraformaldehyde, followed by double-label IFA with anti-Flag (red) and anti-HA (green) Abs. For cotransfected cells, two side-by-side panels of single-labeled IFA images and a third panel of merged images are shown. (B) Quantitation of the relocalization of UL44 by the UL112-113 proteins. HF cells were cotransfected with plasmids encoding wild-type or mutant forms of Flag-UL44 and HA-UL112-113 proteins as indicated. Double-label IFA was performed as described above (A). The percentages of cotransfected cells exhibiting only the nuclear diffuse pattern of UL44 are indicated as gray bars, whereas those displaying both the nuclear diffuse and nuclear focus patterns of UL44, which represents the relocalization of UL44 to the PML-NB-associated sites by the UL112-113 proteins, are indicated as black bars. For each cotransfection, more than 100 cotransfected cells were counted.
PML-NB-associated sites (27) . In this study, we provide evidence that the specific interaction of p84 with UL44 plays a key role in promoting viral DNA replication. Although the p34, p43, p50, and p84 UL112-113 proteins all physically interacted with UL44, suggesting a role for the shared amino-terminal region of UL112-113 in UL44 binding, our mapping experiments revealed that p84 required both the amino-terminal region and the specific near-carboxy-terminal region for UL44 binding. It is evident that the p84-specific carboxy-terminal region is necessary for efficient viral growth, since when the carboxy-terminally truncated forms of p84 were expressed together with intact p34, p40, and p50, the ability of the UL112-113 proteins to promote both oriLyt-dependent DNA replication in cotransfected cells and viral growth in HCMV BAC DNA-transfected cells was greatly impaired. Although other activities of the p84-specific carboxy-terminal region, in addition to contributing to UL44 binding, cannot be excluded, it is most likely that the specific interaction of UL112-113 p84 and UL44 plays a critical role in viral growth.
A possible role for the UL112-113 proteins in orchestrating the formation of viral prereplication sites was proposed previously (4, 27, 28) . Our results are very supportive of this role for the UL112-113 proteins. First, the UL112-113 proteins formed a complex with UL44, UL84, and IE2 in virus-infected cells. Second, in cotransfected cells, the relocalization of UL44 to the UL112-113 foci relied on the interaction between UL112-113 p84 and UL44. Third, like UL84 and IE2, the UL112-113 proteins were also detected on the HCMV oriLyt region, and in ChIP assays, the specific interaction between UL112-113 p84 and UL44 was necessary to enhance levels of oriLyt-associated UL44 and UL112-113 proteins. The complex containing UL112-113, UL44, UL84, and IE2 was formed in the absence of nucleic acids. Therefore, it is likely that the UL112-113 proteins may act as a scaffold to stabilize the initiator complex at the replication origin.
We found that UL112-113 p84 recognizes both the dimerization domain and the carboxy-terminal region of UL44. A structural analysis using the amino-terminal 290 amino acids of UL44, which corresponds to UL44(⌬C290) in this study, showed that UL44 has a structural fold remarkably similar to those of other processivity factors, including herpesvirus simplex virus type 1 (HSV-1) UL42, a PCNA monomer (45) , and the ␤-subunit of DNA polymerase (Pol) III (22) , despite no apparent sequence homology. Further study using the same UL44 protein showed that UL44 forms a head-to-head Cclamp-shaped homodimer and may act as a hybrid processivity factor, since it binds to DNA directly like UL42 but forms a C clamp like PCNA, which is a head-to-tail toroidal homotrimer (7) . Therefore, it is conceivable that UL112-113 p84 interacts with UL44 and forms a ring-shaped structure, which surrounds FIG. 9 . Requirements of the regions of UL112-113 p84 and UL44 responsible for their interaction for oriLyt-dependent DNA replication. (A) HF cells were cotransfected with plasmids encoding the HCMV replication origin (pSP38), six replication core proteins (UL54, UL44, UL57, UL105, UL70, and UL102), UL84, IE2, or UL112-113 (wild type or mutant), as indicated. At 5 days, total cellular DNAs were isolated and digested with XbaI and DpnI. DNA fragments were separated by electrophoresis, and Southern blot analysis was performed with the 32 P-labeled KpnI-digested pSP38 DNA as a probe. (B) HF cells were cotransfected with plasmids encoding the HCMV replication origin (pSP38), five replication core proteins (UL54, UL57, UL105, UL70, and UL102), UL84, IE2, UL112-113, and UL44 (wild type or mutant), as indicated. The replicated oriLyt-containing plasmid DNAs were detected as described above (A) .   FIG. 10 . Requirements of the interaction between UL112-113 p84 and UL44 for their efficient association with the oriLyt region. HF cells were cotransfected with plasmids containing the HCMV replication origin (pSP38), five replication core proteins (UL54, UL57, UL105, UL70, and UL102), UL84, IE2, Flag-UL44 (wild type or mutant), and HA-UL112-113 (wild type or mutant), as indicated. At 5 days, the cells were harvested and analyzed by ChIP assays using anti-HA, anti-Flag, and anti-IE2 Abs or using a control IgG. The immunoprecipitated oriLyt-containing DNAs were amplified by PCR. The total amounts of input plasmid DNAs were also amplified by PCR. DNA like PCNA. Whether this interaction contributes to the processivity activity of UL44 needs to be addressed. UL44(⌬C290) has been shown in vitro to retain all known biochemical activities of wild-type UL44, i.e., DNA-and DNA polymerase (UL54)-binding activities, and activity as a processivity factor. Interestingly, our results demonstrate that the carboxy-terminal region (amino acids 290 to 330) of UL44 is also necessary for both efficient DNA replication in cotransfected cells and viral growth in cells transfected with HCMV BAC DNAs. Since this carboxy-terminal region of UL44 was required for UL112-113 p84 binding, the defects of the UL44(⌬C290) gene may be at least partly due to its failure to interact with UL112-113 p84. However, it is also possible that other activities of UL44 that are critical for viral growth are also mediated through its carboxy-terminal region. It was reported previously that UL44 is phosphorylated by viral kinase UL97 (16, 21) and protein kinase CK2 (6) . In particular, CK2 was shown to phosphorylate UL44 at a Ser413 residue upstream of NLS2 and then enhance the nuclear transport of UL44 in COS7 cells (6) . Since UL44(⌬C290), which lacks NLS2, was efficiently localized in the nucleus in HF cells, it is unlikely that the inefficient oriLyt-dependent DNA replication and reduced viral growth in cells expressing UL44(⌬C290) are due to its failure to accumulate in the nucleus. However, it is possible that the phosphorylation event at the carboxy-terminal region of intact UL44 may have an important regulatory function in viral DNA replication. In this regard, it is notable that a viral uracil DNA glycosylase (UNG) encoded by UL114 interacts with the C-terminal region of UL44 and accumulates in viral replication foci, accelerating the accumulation of viral DNA (29, 30) . A recent report also demonstrated that nucleolin interacts with UL44 and is necessary for efficient viral replication (36) , although whether the carboxy-terminal region is involved in this interaction is not known. Further studies of the role of the carboxy-terminal region of UL44, using both genetic and biochemical approaches, are warranted.
